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a b s t r a c t
The performance of oriﬁce plates in real-time monitoring of oil, gas and water standard ﬂow rates was
investigated. To this end, a multi-rate test was implemented in two production wells routed individually
to a test separator in ﬁeld operational conditions. The well ﬂow rate was varied in steps by changing the
choke opening.
The ranges of ﬂuid properties and ﬂow conditions achieved during the experiment were: wellhead
pressure from 9073 kPa to 13,278 kPa, wellhead temperature from 47.8 C to 53.5 C, downstream choke
pressure from 6770 kPa to 7913 kPa, downstream choke temperature from 41.6 C to 49.1 C, gas–oil-
ratio from 1144 Sm3=Sm3 to 2068 Sm3=Sm3, water-cut from 4.64% to 58.35%, standard oil speciﬁc gravity
from 0.7988 to 0.8058, standard gas speciﬁc gravity from 0.7340 to 0.7550, standard oil ﬂow rate from
46:86 Sm3=d to 266:65 Sm3=d, standard gas ﬂow rate from 62:68 103 Sm3=d to 296:65 103 Sm3=d,
standard water ﬂow rate from 18:06 m3=d to 159:33 m3=d.
The wells tested showed a different dynamic behavior: while well #2 did not vary signiﬁcantly the
stream composition with ﬂow rate, well #1 produced under gas coning, a near well-reservoir phenome-
non that governs the contribution of the reservoir gas-cap to the total stream composition.
The multi-rate tests generated two data sets with 1424 ﬂow conditions through two ﬂange-tap oriﬁce
plates installed upstream (wellhead) and downstream of a cage choke valve. The ranges of oriﬁce vari-
ables were: oriﬁce diameter from 0.03479 m to 0.0430 m, beta factor from 0.4946 to 0.6507, differential
pressure from 15 kPa to 187 kPa.
The virtual metering system presented in Paz et al. (2010) was used to correlate the experimental data.
The associated model, suitable for differential pressure measuring devices, includes effects such as ﬂow
concentration and slip (through Chisholm’s correlation), generalizing the mass ﬂow rate versus pressure
drop relationship for multiphase ﬂow. The total mass ﬂow rate depends on a set of variables evaluated at
metering conditions: density and viscosity of the liquid and gas phase, mass quality, pressure drop across
the ﬂow meter and geometry (contraction area and beta factor).
The determination of the ﬂuid properties at metering conditions was made by using black-oil correla-
tions. These correlations are based on a set of input variables at standard condition that characterizes the
stream composition such as gas–oil ratio, water–oil ratio and speciﬁc gravities of each phase.
A comparison was made between the multiphase ﬂow rates predicted by the model and the ones
simultaneously measured at the test separators. The oil, gas and water standard volumetric ﬂow rate
deviations (coefﬁcients of variation of the root mean square deviations) were below 3:52%.
It was theoretically demonstrated and experimentally veriﬁed that a systematic error exists when the
homogeneous model (equal phase velocities) is considered in the formulation, resulting in a ﬂow rate
underestimation. When the homogeneous model was used to correlate the data, this effect increased
the deviation up to 10:5%.
Flow pattern at the wellhead was characterized as intermittent and annular-mist. Lockhart–Martinelli
parameter varied from 0.362 to 0.836; despite of the experimental data being beyond the wet gas region,
the multi-rate tests showed that Chisholm’s over-reading can be successfully extrapolated to these range.
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1. Introduction
The availability of a system for estimating on real time oil, gas
and water standard ﬂow rates coming from each well is of primary
importance for ﬁeld operators. The estimation of multiphase ﬂow
rates for production management relies in models based on the
wellhead and bottomhole instrumentation.
The installation of multiphase ﬂow meters (MPFM) is a very
expensive solution. These devices perform a simultaneous mea-
surement of concentrations to determine the phase ﬂow rates.
Ismail et al. [14] presents a table with the techniques used in
several commercial MPFM. Usually, MPFM require complex main-
tenance procedures associated with long downtime periods.
Besides, for production optimization applications it is not neces-
sary a high accuracy level in the measurements, but reliability
for well surveillance.
Virtual metering systems (VMS) have been developed to pro-
vide a simple, robust and low cost alternative for multiphase ﬂow
rate estimation. VMS are characterized by the use of normal pro-
cess variables available in production systems (such as pressures
or temperatures) and by the assumption of equilibrium between
the phases for a given hydrocarbon composition. The normal pro-
cess variables are measured online, while the characterization of
the ﬂuid is based on a set of variables measured periodically at
standard condition. The approach is completed with a model that
simulates the ﬂow across the measuring device and a model that
predicts the ﬂuid thermodynamic condition (PVT data).
In Faluomi et al. [11] a VMS based on the performance of a
choke valve is presented, showing accuracy levels for oil and gas
ﬂow rates comparable to the ones typical of multiphase ﬂow
meters.
The pressure difference across a reduction in ﬂowing area (such
as that exists in venturi, oriﬁce plate or nozzle meters), is one of the
most widely employed primary measurements in multiphase ﬂow
meters [22]. According to Falcone et al. [10], there is no general
relationship for differential pressure across these devices for mul-
tiphase ﬂows, being important issues the effective viscosity and
the degree to which they are mixed. Additional effects that should
be modeled when using differential pressure ﬂow meters in multi-
phase ﬂow (compared to single-phase ﬂows) are the stream com-
position and relative velocity between the phases.
Chisholm [4] developed a correlation for the ﬂow of gas–liquid
or vapor–liquid mixtures through sharp-edged oriﬁces considering
the momentum equation for incompressible liquid and gas phases,
neglecting upstream momentum, taking into account the interfa-
cial shear force and assuming the same contraction coefﬁcient for
the areas in each phase (equal to the single-phase value). The slip
ratio results a function of a ‘‘shear force function’’, which was
found to be approximately constant for a particular oriﬁce and pipe
geometry over a wide range of gas–liquid density ratios, while the
area ratio results equal to the product of the shear force function
and the Lockhart–Martinelli parameter. Based on experimental
data, Chisholm [5] extended the slip ratio correlation for low qual-
ity ﬂows (see Section 3.3).
Kojasov et al. [16] studied the total pressure drop (sudden con-
traction plus sudden expansion) across oriﬁce plates (thick and
thin) and generated a benchmark data base using saturated two-
phase R-113 as working ﬂuid. Using the mass, momentum and
energy equation, the departure of the slip ratio from Chisholm’s
correlation was adjusted from the experimental data, resulting
pressure drop mean errors between 10:5% and 14:5% for the three
different data sets.
Steven and Hall [25] presented results based on combined data
sets from various studies of oriﬁce meters in wet gas ﬂow (natural
gas or nitrogen as gas phase; decane, Stoddard solvent or Exxsol
D80 as liquid phase). By modifying the constant in Chisholm’s
over-reading correlation (see Section 3.5), making it a function of
a gas densimetric Froude number, the gas ﬂow (for a known liquid
ﬂow rate) was successfully correlated within an error of 2% at a
95% conﬁdence level. The investigation concluded that measure-
ments using oriﬁce meters operating with wet gas ﬂow are repeat-
able and reproducible.
Oliveira et al. [20] carried out measurements of two-phase air–
water ﬂow variables using a resistive void fraction sensor coupled
to a venturi or oriﬁce plate. With the additional measurement of
void fraction, the slip ratio and total mass ﬂow rate were calculated
by using different correlations, among them the homogeneous
model and Chisholm’s correlation. It was veriﬁed that the homoge-
neous model underestimates de ﬂow rate prediction for horizontal
and vertical oriﬁce plates, but performed better for venturis.
Fischer [12] presented experimental results obtained with a
three-phase oil–water–air rig in which a combination of a venturi,
a capacitor and a single-beam gamma densitometer was used. It
was concluded that the metering system works properly if the
phases are well homogenized, with oil or air forming the continu-
ous phase, but further work is needed to cope with actual operat-
ing conditions.
The determination of the ﬂow rates in ﬁeld conditions made
through well testing is more difﬁcult than in laboratory conditions,
because it is necessary to deal with the real ﬂuids and with partic-
ular characteristics of the system, such as the interaction with the
reservoir, piping and separator tank. Well testing requires a consid-
erable time to reach a stable ﬂow condition; as a consequence,
uncertainties in well testing are considerably higher than the ones
associated to the instrumentation alone. The use of a metering
device for monitoring on real-time the well production is an alter-
native that could lower the frequency of well tests needed (usually
once a month) and, consequently, operating expenses.
In this paper, the performance of oriﬁce plates in estimating on
real time oil, gas and water ﬂow rates was investigated using ﬁeld
data. An experimental campaign was carried out at two different
wells located at Urucu ﬁeld, (Solimões basin, Amazonas, Brazil),
where simultaneous measurements of individual ﬂow rates at a
test separator were made in order to make a comparison with
the ﬂow rates predicted by a VMS based on these differential pres-
sure ﬂow meters.
2. Multi-rate well tests
2.1. Urucu oil ﬁeld
Urucu oil ﬁeld is located at the Solimões basin (Amazonas,
Brazil). In mature ﬁelds, the choice of a virtual metering strategy
is deﬁned based on the installed wellhead and bottomhole instru-
mentation. Although some wells in the ﬁeld also have PDG (Perma-
nent Downhole Gauges) for downhole pressure and temperature
measurements, the possibility of performing topside maintenance
is the main driver to use surface input variables to estimate pro-
duction ﬂow rate in real time.
The crude produced in the ﬁeld has average oil gravity of 43 API
and condensate gravity of 60 API. Gas–oil ratio GOR ranges from
250 Sm3=Sm3 in early well life stage to 9000 Sm3=Sm3. Gas expan-
sion is the primary reservoir recovery mechanism. The oil satu-
rated interval is a thin oil rim below a large gas cap.
Most of the wells experience gas and water coning. This near
wellbore effect was described by Campos et al. [2]. Depending on
the inﬂuence of bottomhole drawdown in coning geometry, the
production stream will have more or less contribution from the
gas cap. Gas/water coning is a reservoir phenomenon that modiﬁes
the ﬂuid composition in producing stream, affecting the short term
management decisions. The Urucu ﬁeld production is mainly
constrained by the LNG (Liqueﬁed Natural Gas) process facility
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capacity and the gas pressure at the pipeline between wells and
the plant.
2.2. Multi-rate experiments
An experimental campaign was carried out with two wells
(respectively #1 and #2). The experimental setup for each well,
shown in Fig. 1, comprises two ISO 5167, ﬂange-taps oriﬁce plates
located respectively upstream and downstream of a choke valve. In
this way, it was possible to obtain simultaneously two measure-
ments of the same total mass ﬂow rate at different pressures;
because of vaporization effects, the ﬂows have different qualities
and void fractions upstream of the corresponding plates. No ﬂow
conditioners were used before the plates. Measured variables in
each plate were temperature, pressure and pressure drop. Pres-
sures and temperatures were measured online, while GOR,
water–oil ratio WOR and densities of the individual phases were
simultaneously measured in the well production tests.
The multi-rate tests were performed in accordance with the fol-
lowing phases: commissioning, pre-operation and tests.
In the commissioning phase pressure, temperature and differ-
ential pressure instrumentation shown in Fig. 1 were checked
and calibrated. The test separator single-phase ﬂow meters were
also checked and calibrated.
In the pre-operation phase, the ﬂuid mixture coming from the
well was routed to the gravitational three-phase test separator.
The pre-operation phase had two objectives: (a) to clean the test
circuit from any resident ﬂuid from other wells and (b) to create
a stable reference for the multi-rate test initialization. The stabil-
ization period was about 12 h.
In the test phase, wellhead and test separator variables were
recorded in the SCADA (Supervisory Control and Data Acquisition)
system with a sampling rate of 1 min1.
The averaging procedure was made through the PIMS (Process
Information Management System) available in the ﬁeld, which
uses a swinging door compression algorithm fed by the SCADA sys-
tem. Data compression limits the amount of storage for each vari-
able by discarding values which are not necessary to adequately
reconstruct the history of that parameter. Because of the long dura-
tion and slow reservoir process response to the step disturbance,
the data sets were constructed with a time step of 30 min. This
time step was chosen for post-processing analysis. It is possible
to decrease the time step to 1 min and make the PIMS time step
equal to the ﬁeld SCADA system. Therefore, each experimental data
set is the result of the compression algorithm for high-frequency
data acquisition from a SCADA system. In this way, data from
1424 operating conditions were taken.
Simultaneous oil, gas and water individual volumetric ﬂow rate
measurements at standard conditions (respectively Qo0 exp;Qg0 exp
and Qw0 exp) were made at the separator outlets by using respec-
tively turbine, oriﬁce plate and magnetic ﬂow meters; from these
measurements GOR;WOR, water-cut WC and total mass ﬂow rate
Wexp are calculated as:
GOR ¼ Qg 0 exp
Qo 0 exp
ð1Þ
WOR ¼ Qw 0 exp
Qo 0 exp
ð2Þ
WC ¼ WOR
1þWOR ð3Þ
Wexp ¼ Qo 0 exp qg 0GORþ qo 0 þ qw 0WOR
 
ð4Þ
Main sources of uncertainty in instrumentation are noise and
sensor drift. Typical uncertainties in the measured variables,
according to supplier instrumentation sources and laboratory pro-
cedures, are shown in Table 1. Although uncertainties associated to
the instrumentation are low, the overall uncertainty associated to
well testing is higher due to the requirement of stabilized ﬂow in
a large volume of the multiphase mixture in the pipeline and sep-
arator where, in addition, level must be controlled. According to
Falcone et al. [9], well testing with a separator has an accuracy
between 5% and 10%.
After multiple steps, the choke opening was returned to its ref-
erence condition. The multi-rate test conﬁguration parameters for
each well are shown respectively in Tables 2 and 5. The geometric
parameters for each well are presented respectively in Tables 3 and
6. Tables 4 and Table 7 show the range of wellhead and production
parameters. The ﬂow regimes presented in these tables are the
ones predicted by the ﬂow pattern maps built in Section 5. The
Lockart–Martinelli parameter was calculated from the model out-
lined in Section 3. Samples of oil, gas and water were taken daily
at the separator outlets for laboratory tests. Oil and water standard
densities were determined by using thermohydrometers, while gas
standard density were determined by using chromatography.
In each step, pressure, temperature and ﬂuid composition var-
ied accordingly to reservoir near wellbore behavior, well comple-
tion and surface facility response.
As an example of the well dynamic response to the multi-rate
test, Fig. 2 shows characteristic pressures (upstream pressure Pu,
downstream pressure Pd and pressure drop across the choke DPc)
as a function of time for well #2, considering the steps made in
the choke opening Sc. A decrease in the wellhead pressure and in
the choke pressure drop are observed as the choke valve opens,
while the downstream choke pressure increases. Figs. 3 and 4 show
respectively GOR;WC and differential pressure across the upstream
and downstream oriﬁce plates, respectively DPu and DPd, for the
same multi-rate test. It was observed that GOR and WC remained
fairly constant for different production rates, while the oriﬁce plate
differential pressure signals remained quite steady for metering
purposes.
Fig. 1. Experimental setup.
Table 1
Typical uncertainties in the measured variables.
Variable Principle Uncertainty
Pressure P DP cell 0.3%
Pressure difference DP DP cell 0.3%
Temperature T RTD 0.3 K
Oil standard ﬂow rate Qo 0 exp Turbine 0.3%
Gas standard ﬂow rate Qg 0 exp Oriﬁce plate 1.5%
Water standard ﬂow rate Qw 0 exp Magnetic 0.3%
Oil standard density qo 0 Thermohydrometer 1 kg/m
3
Gas standard density qg 0 Chromatography 1%
Water standard density qw 0 Thermohydrometer 1 kg/m
3
S.R.V. Campos et al. / Experimental Thermal and Fluid Science 58 (2014) 93–104 95
A different response was found in well #1, where GOR varied
from 1200 Sm3=Sm3 to 2000 Sm3=Sm3 caused by gas/water coning,
as presented in Fig. 5; this effect is felt on the pressure difference
across the oriﬁce plates, as shown in Fig. 6. For the multi-rate test
execution, it means that well #1 needs longer stabilization periods
between steps compared to the others. Although a dynamic
response was found in the stream composition after a choke open-
ing, the sampling periods were sufﬁciently short to capture this
effect.
3. Model
3.1. Conservation equations
The model presented in this Section is a thorough version of the
one presented in Paz et al. [21]. It considers steady, one-dimen-
sional subsonic ﬂow of gas, oil and water. Normal viscous stresses
and wall shear stresses are neglected in the converging portion of
the ﬂowmeter. As oil and water have similar densities, it is consid-
ered that the relative velocity between these phases is neglected,
resulting a single velocity ul for the liquid (oil plus water) phase.
The relative velocity between the gas and liquid phase is taken into
account by means of a slip ratio S deﬁned as:
S ¼ ug
ul
ð5Þ
where ug is the velocity of the gas phase. With these approxima-
tions, mass and momentum conservation equations can be written
as:
xþ xo þ xw ¼ 1 ð6Þ
W2t
A
@
@s
1
A
xþ 1 x
S
 
x
qg
þ 1 xð Þ
ql
S
" #( )
¼  @P
@s
þ qm gs ð7Þ
where
ql ¼
1 xð Þqwqo
xoqw þ xwqo
ð8Þ
qm ¼
qlqg 1 xð ÞSþ x½ 
xql þ 1 xð ÞSqg
ð9Þ
In the equations above, A is the ﬂow passage area, gs is the grav-
itational acceleration along the ﬂow direction, P is the pressure, s is
the space coordinate along the ﬂow direction, Wt is the total theo-
retical mass ﬂow rate (corresponding to the model assumptions),
x; xo and xw are respectively the mass qualities for gas, oil and
water and ql;qm;qg ;qo and qw are respectively the densities of
Table 2
Well #1 multi-rate test parameters.
Test parameter Value Unit
Number of operating conditions 974 –
Number of steps 5 –
Number of days 20.29 days
Averaging period 30 min
Table 3
Well #1 oriﬁce plates geometric parameters.
Geometric parameter Value Unit
Downstream oriﬁce plate beta 0.4946 –
Downstream oriﬁce plate diameter 0.03853 m
Upstream oriﬁce plate beta 0.5957 –
Upstream oriﬁce plate diameter 0.03479 m
Table 4
Well #1 range of wellhead and production parameters.
Well parameters Min–max value Unit
Choke opening Sc 50.7–78.2 %
Upstream pressure Pu 9073–12187 kPa
Upstream temperature Tu 47.82–51.82 C
Upstream oriﬁce plate pressure drop DPu 15.46–187 kPa
Downstream pressure Pd 6770–7306 kPa
Downstream temperature Td 41.62–49.12 C
Downstream oriﬁce plate pressure drop DPd 17.48–168.16 kPa
Upstream Lockart–Martinelli parameter v 0.386–0.836 –
Gas–oil ratio GOR 1229–2068 –
Water-cut WC 40.06–58.35 %
Oil ﬂow rate Qo 0 exp 46.86–146.17 Sm
3/d
Gas ﬂow rate Qg 0 exp 62.68–237.33 10
3 Sm3/d
Water ﬂow rate Qw0 exp 31.63–159.33 Sm
3/d
Oil speciﬁc gravity 0.8017–0.8058 –
Gas speciﬁc gravity 0.7340–0.7550 –
Flow regime Intermittent and
annular mist
–
Table 5
Well #2 multi-rate test parameters.
Test parameter Value Unit
Number of operating conditions 450 –
Number of steps 5 –
Number of days 9.5 days
Averaging period 30 min
Table 6
Well #2 oriﬁce plates geometric parameters.
Geometric parameter Value Unit
Downstream oriﬁce plate beta 0.5520 –
Downstream oriﬁce plate diameter 0.0430 m
Upstream oriﬁce plate beta 0.6507 –
Upstream oriﬁce plate diameter 0.0380 m
Table 7
Well #2 range of wellhead and production parameters.
Well parameters Min–max value Unit
Choke opening Sc 40.86–80.30 %
Upstream pressure Pu 11996–13278 kPa
Upstream temperature Tu 50.90–53.47 C
Upstream oriﬁce plate pressure drop DPu 50.94–133.75 kPa
Downstream pressure Pd 7139.81–
7913.36
kPa
Downstream temperature Td 41.84–47.63 C
Downstream oriﬁce plate pressure drop DPd 58.95–134.31 kPa
Upstream Lockart–Martinelli parameter v 0.362–0.588 –
Gas–oil ratio GOR 1144–1294 –
Water-cut WC 4.64–20.71 %
Oil ﬂow rate Qo 0 exp 191.83–266.65 Sm3=d
Gas ﬂow rate Qg 0 exp 212.27–296.65 103 Sm3=d
Water ﬂow rate Qw 0 exp 18.06–65.01 Sm3=d
Oil speciﬁc gravity 0.7988–0.8035 –
Gas speciﬁc gravity 0.7449–0.7519 –
Flow regime Annular mist –
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the liquid mixture, gas–liquid mixture, gas, oil and water. The vol-
ume fraction of the gas, oil and water phase (respectively a;ao and
aw) can be determined as:
a ¼ xql
xql þ 1 xð ÞSqg
ð10Þ
ao ¼ xoqlxql þ 1 xð ÞSqg
qg
qo
S ð11Þ
aw ¼ xwqlxql þ 1 xð ÞSqg
qg
qw
S ð12Þ
It can be veriﬁed that:
aþ ao þ aw ¼ 1 ð13Þ
As a consequence of this approximation, the pressure gradient
and related variables depend on the densities and mass qualities
of the phases, as well as on the slip ratio.
Considering that the pressure drop is small compared to the
mean pressure and neglecting mass transfer, compressibility and
variations in the slip ratio along the converging portion of the ﬂow
meter [26], Eq. (7) can be integrated between measuring points 1
and 2, corresponding respectively to diameters D and d, resulting:
Wt ¼ A2 2DP
xþ 1xS
 
x
qg
þ 1xql S
 
1 b4 
2
4
3
5
1
2
ð14Þ
Fig. 2. Well #2 pressure responses to the step disturbances.
Fig. 3. Well #2 Gas–oil ratio and water-cut responses to the step disturbances.
Fig. 4. Well #2 pressure drop responses across the oriﬁce plates to the step
disturbances.
Fig. 5. Well #1 Gas–oil ratio and water-cut response to the step disturbances.
Fig. 6. Well #1 pressure drop responses across the oriﬁce plates to the step
disturbances.
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DP ¼ P1  P2 þ qm gs s2  s1ð Þ ð15Þ
b ¼ d
D
ð16Þ
where A2 ¼ p4 d
2 is the cross sectional area of the contraction, DP is
the pressure drop corrected by the hydrostatic column and b is
the diameter ratio (beta factor of the ﬂow meter). In order to take
into account other effects not considered in the analysis, a discharge
coefﬁcient CD is deﬁned as:
CD ¼ WWt ð17Þ
whereW is the real total mass ﬂow rate. The ﬁnal expression for the
mass ﬂow rate results:
W ¼ CD A2 2DP
xþ 1xS
 
x
qg
þ 1xql S
 
1 b4 
2
4
3
5
1
2
ð18Þ
Eq. (18) can be regarded as a generalization of the mass ﬂow rate
versus pressure drop relationship corresponding to a differential
pressure ﬂow meter for multiphase ﬂow. It can be easily veriﬁed
that Eq. (18) reduces to the one corresponding to single-phase ﬂow
for the limit values of mass quality (x ¼ 0 or x ¼ 1) and to homoge-
neous ﬂow model for S ¼ 1. For the homogeneous model, the pre-
dicted mass ﬂow rate Wh results:
Wh ¼ CD A2 2DPqmh
1 b4
 1
2
ð19Þ
1
qmh
¼ x
qg
þ 1 x
ql
ð20Þ
where qmh is the mixture density for the homogeneous model.
3.2. Discharge coefﬁcient
In single-phase ﬂow, the discharge coefﬁcient is mainly depen-
dent on the Reynolds number and beta factor. The dependence on
Reynolds number is very weak (except for low Reynolds numbers),
so the performance of differential ﬂow meters is rather insensitive
to ﬂuid viscosity. Discharge coefﬁcients are very close to unity for
venturi and nozzle ﬂow meters, showing that dissipation effects
are almost negligible. In oriﬁce plates dissipation effects are not
important either, but discharge coefﬁcients are quite less than
unity due to vena contracta effects (diameter of the vena contracta
is less than diameter of the obstruction).
Although there is no assurance that a multiphase ﬂow follows
the single-phase pattern, the assumption of negligible viscous dis-
sipation was assumed in other studies [16]. Besides, in the pioneer
paper of Chisholm [4] studying incompressible two-phase mix-
tures through oriﬁces, the assumption of equal contraction coefﬁ-
cients (ratio of cross sections at the vena contracta and at the
throat) was made for the liquid and gas phases.
Based on the previous considerations, dissipation and vena con-
tracta effects are estimated in the model by a discharge coefﬁcient
CD calculated from correlations corresponding to single phase ﬂow,
using a homogeneous model to evaluate the viscosity of the mix-
ture lm, this is:
CD ¼ CD ReDm; bð Þ ð21Þ
ReDm ¼ 4WpDlm
ð22Þ
lm ¼ lg aþ loao þ lw aw ð23Þ
where ReDm is the mixture Reynolds number and lg ;lo and lw are
respectively the viscosities for the gas, oil and water. For an ISO
5167, ﬂange-taps oriﬁce plate, as used in the experimental valida-
tion (see Section 2), the resulting correlation is [15]:
CD ¼ 0:5959þ 0:0312b2:1  0:184b8 þ 0;0029b2:5 10
6
ReDm
 !0:75
þ 0:09 L1
D
 
b4
1 b4
 !
 0:0337 L2
D
 
b3 ð24Þ
where L1 ¼ L2 ¼ 0:0254 m. The correlation is valid for the following
range of variables: 0:05 m 6 D 6 1 m;dP 0:0125 m;0:2 6 b 6 0:75
and ReDm P 1:26 106  b2  D ðmÞ.
3.3. Slip ratio
There is an extensive bibliography on ﬂow of two-phase mix-
tures through oriﬁces. Chisholm [5] proposed the following corre-
lation for the slip ratio for incompressible two-phase mixtures
through sharp-edged oriﬁces:
S ¼
ql
qg
 1
4
for v < 1
1þ x qlqg  1
 h i1
2
for v > 1
8><
>>: ð25Þ
where v is the Lockart–Martinelli parameter, deﬁned as:
v ¼ 1 x
x
ql
qg
 !12
ð26Þ
According to Eq. (25), the slip ratio only depends on the liquid
to gas density ratio for high mass qualities (v < 1), while it is also
a function of the mass quality for low mass qualities (v > 1). It can
be veriﬁed that Chisholm’s correlation gives a slip ratio indepen-
dent of the geometry of converging portion of the ﬂow meter, in
agreement with the model assumptions. Moreover, it can be easily
veriﬁed that the slip ratio is continuous for v ¼ 1. Fig. 7 shows the
slip ratio as a function of the gas mass quality for different density
ratios qlqg . It can be observed that the slip factor increases for low
qualities, reaching a constant value that increases as the density
ratio increases.
3.4. Comparison between homogeneous and slip models
It is interesting to make a comparison between the theoretical
mass ﬂow rate calculated with the homogeneous model Wth,
obtained by making S ¼ 1 in Eq. (14), and the one calculated with
the slip model Wts. For the same pressure drop and ﬂow meter
geometry, the ratio of these quantities can be expressed as:
Wth
Wt s
¼
xþ 1xS
 
Sþ qlqg  S
 
x
h i
1þ qlqg  1
 
x
8<
:
9=
;
1
2
ð27Þ
Using Chisholm’s correlation for the slip factor, Eq. (27) is a
function of the mass quality and the ratio of the liquid and gas den-
sities. The resulting mass ﬂow rate ratio is shown in Fig. 8, where it
can be observed that the homogeneous model gives total mass
ﬂow rates systematically lower than the slip model. The ratio of
theoretical ﬂow rates decreases as the density ratio increases, this
is, as pressure decreases.
As Eq. (27) and Fig. 8 are not related to any experimental data,
this trend is valid for different pressures, ﬂuids and ﬂow meters
(oriﬁce plate, nozzle or venturi). Moreover, assuming that the mass
ﬂow rate predicted by the slip model is more accurate than the
one predicted by the homogeneous model and neglecting the
98 S.R.V. Campos et al. / Experimental Thermal and Fluid Science 58 (2014) 93–104
variations of the discharge coefﬁcient with the Reynolds number, it
can be asserted that Eq. (27) and Fig. 8 also gives an estimate of the
ratios of the mass ﬂow rates predicted by these models. Therefore,
it is predicted that the homogeneous model underestimates the
total mass ﬂow rate; this trend was veriﬁed in the experiments,
where systematic deviations appeared when the homogeneous
ﬂow model was used to correlate the data (see Section 5).
3.5. Wet gas ﬂow and over-reading
The deﬁnition of wet gas (high mass quality) ﬂow is not unique.
Mehdizadeh et al. [18] presented three different perspectives
reproduced below:
 Reservoir perspective: GOR exceeds 15;000 SCF=STB with stock
tank liquid gravity up to 70API.
 Volumetric perspective: liquid content limited to liquid-to-gas-
ratio LGR < 0:2% for stratiﬁed and LGR < 0:5% for annular mist
ﬂow.
 Volume-density perspective: Lockart–Martinelli parameter
value range 0:02 < v < 0:3.
In this work, volume-density is the perspective used to deﬁne a
wet gas ﬂow condition.
The inﬂuence of entrained liquid in gas is a main research topic
for wet gas metering development. Regardless the differential
pressure element, gas ﬂow rate over-reading occurs with the pres-
ence of liquid in total stream composition.
As the VMS is used at Urucu ﬁeld in many wells operating in the
wet gas region, it is interesting to calculate the model predicted
over-reading.
The over-reading OR is deﬁned as:
OR ¼ W
0
g
Wg
ð28Þ
where W 0g is the apparent gas mass ﬂow rate determined from the
two-phase measured differential pressure and Wg is the correct gas
mass ﬂow rate.
According to the model, these quantities can be written as:
W 0g ¼ C 0D A2
2qg DP
1 b4
 1
2
ð29Þ
Wg ¼ xW ¼ xCD A2 2DP
xþ 1xS
 
x
qg
þ 1xql S
 
1 b4 
2
4
3
5
1
2
ð30Þ
Substituting Eq. (29) and (30) in Eq. (28) and neglecting varia-
tions in the discharge coefﬁcient (C0D ’ CD), it can be found that
the over-reading results:
OR ¼ 1þ Cvþ v2 12 ð31Þ
where:
C ¼ S ql
qg
 !12
þ 1
S
ql
qg
 !1
2
ð32Þ
The over-reading obtained in Eq. (32) is coincident with the one
deduced by Chisholm [4]. Substituting the slip ratio corresponding
to v < 1 from Eq. (25) it is obtained the well known Chisholm’s
over-reading CCH:
CCH ¼ qlqg
 !14
þ ql
qg
 !1
4
ð33Þ
4. Fluid characterization
From Eq. (18) and (21), it can be seen that the total mass ﬂow
rate depends on a set of variables evaluated at metering condi-
tions: density and viscosity of the liquid and gas phase, mass qual-
ity, pressure drop across the ﬂow meter and geometry (contraction
area and beta factor).
Neglecting mass transfer (vaporization or gas solubilization) in
the water phase and assuming steady state ﬂow and thermody-
namic equilibrium, a material balance yields the mass qualities
for the gas, oil and water phases as:
x ¼ qg Bg GOR Rsð Þ
qg 0GORþ qo 0 þ qw 0WOR
ð34Þ
xo ¼ qo Boqg 0GORþ qo 0 þ qw 0WOR
ð35Þ
xw ¼ qw 0WORqg 0GORþ qo 0 þ qw 0WOR
ð36Þ
Fig. 7. Slip ratio (Chisholm’s correlation) as a function of mass quality, for different
density ratios r ¼ qlqg
 
.
Fig. 8. Ratio of theoretical mass ﬂow calculated with the homogeneous model to
theoretical mass ﬂow calculated with Chisholm’s correlation, as a function of mass
quality, for different density ratios r ¼ qlqg
 
.
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where Bg is the gas formation volume factor, Bo is the oil formation
volume factor, Rs is the gas–oil solubility ratio and qg 0;qo 0 and qw 0
are respectively the densities of the gas, oil and water phase at the
standard condition (P0 ¼ 1 atm and T0 ¼ 60 F for API, American
Petroleum Institute). The gas volume formation factor can be deter-
mined as:
Bg ¼ P0T0
ZT
P
ð37Þ
where T is the absolute temperature and Z is the gas compressibility
factor. The water density can be calculated as:
qw ¼
qw 0
Bw
ð38Þ
where Bw is the water volume formation factor. The gas and oil den-
sities can be calculated in a simple way by using the black oil
approximation [17], resulting:
qo ¼
qo 0 þ qg 0 Rs
Bo
ð39Þ
qg ¼
qg 0
Bg
ð40Þ
The formation volume factors, gas solubility, gas compressibil-
ity factor and other variables such as viscosities are dependent
on pressure, temperature and properties at standard condition
and can be obtained from suitable correlations; Table 8 shows
the correlations used to determine these variables. Uncertainties
coming from the determination of ﬂuid properties can be reduced
by using a compositional model and/or correlations adjusted to ﬁt
the variables for speciﬁc ﬂuids coming from the wells.
Once the total mass ﬂow rate is determined from Eq. (18), the
volumetric ﬂow rates at standard conditions Qo 0;Qg 0 and Qw 0,
respectively for oil, gas and water phases, can be readily calculated
as:
Qo 0 ¼
W
qg 0GORþ qo 0 þ qw 0WOR
ð41Þ
Qg 0 ¼ GORQo 0 ð42Þ
Qw 0 ¼ WORQo 0 ð43Þ
5. Results
In this Section a comparison is made between the standard ﬂow
rates measured at the separator (named experimental) and the
ones predicted by the model, given by Eq. (18), (41), (42) and
(43). The input to the model is a set of variables needed to charac-
terize the ﬂuid (standard gas, oil and water gravity, GOR andWOR),
used with the black oil model to determine the ﬂuid properties at
metering conditions, as well as geometry variables (oriﬁce and
pipeline diameters) and ﬂow variables (temperature, pressure
and pressure drop).
In order to quantify the performance of the model in predicting
the experimental values, the coefﬁcient of variation CV of the root
mean square deviation RMSD is used for a set of N experimental
data corresponding to the variable X, deﬁned as:
CV ¼ RMSD
X
ð44Þ
RMSD ¼ 1
N
XN
i¼1
Xi  Xexp i
 2" #1=2 ð45Þ
X ¼ 1
N
XN
i¼1
Xexp i ð46Þ
Figs. 9–12 show the comparison of experimental and model-
predicted oil ﬂow rates for the oriﬁce plates located upstream
and downstream of the choke valve; in these ﬁgures, the limits
corresponding to the CV are shown in dotted lines. From the
Table 8
Correlations used for ﬂuid characterization.
Variable Correlation
Oil formation volume factor Bo (saturated) Standing [24]
Oil formation volume factor Bo (subcooled) Whitson and Brule [28]
Gas–oil solubility ratio Rs Standing [24]
Gas compressibility factor Z Dranchuk and Abu-
Kassem [8]
Gas pseudo-critical temperature Tpc and pressure Ppc Standing [24]
Contaminant corrections for Tpc and Ppc Carr et al. [3]
Gas viscosity at atmospheric pressure Standing [24]
Gas viscosity at P and T Dempsey [7]
Dead oil viscosity Ng and Egboah [19]
Oil viscosity (saturated) Beggs and Robinson [1]
Oil viscosity (subcooled) Vasquez and Beggs [27]
Water formation volume factor Bw McCain [17]
Water viscosity Collins [6]
Water density at standard condition ICT [13]
Fig. 9. Oil ﬂow rates for well #1, upstream oriﬁce plate, slip model.
Fig. 10. Oil ﬂow rates for well #1, downstream oriﬁce plate, slip model.
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comparison with the experimental data, the data predicted with
the model showed an excellent agreement, considering that the
model does not have any ﬁtting constant coming from the experi-
mental data set. Besides, the correlations used for the ﬂuid proper-
ties were standard ones (not ﬁtted for the speciﬁc ﬂuids at Urucu
ﬁeld), so uncertainties in the calculations coming from the ﬂuid
characterization were not minimized. The CV values shown in
Table 9 for the oriﬁce plates located upstream and downstream
of the choke valve are below 3:52% for any phase.
Eq. (44) accounts only for the uncertainty corresponding to the
correlation of the model-calculated and experimental mass ﬂow
rates; overall or total uncertainty was not addressed. Total uncer-
tainty includes propagation of the uncertainties corresponding to
the input variables through all the equations, as well as the uncer-
tainties corresponding to the correlations. Uncertainties corre-
sponding to the input variables and to the experimental mass
ﬂow rates are not high. The major contribution to the overall
uncertainty in the model-calculated mass ﬂow rates comes from
the correlations used in the black oil model, as well as from Chis-
holm’s correlation. As these correlations were originally developed
for a relatively small data base, correlation uncertainties are
expected to be higher.
During the ﬁeld experiments it was not possible to identify
emulsions. The main consequences of emulsion formation are
homogenization of the liquid phase and variation of liquid viscos-
ity. As homogenization of the liquid phase is a model assumption
and as differential pressure ﬂow meters are rather insensitive to
the viscosity of the ﬂuid (discharge coefﬁcient shows a very weak
dependence on Reynolds number), it is expected that emulsions do
not deteriorate the ﬂow meter performance.
As ﬂow rate predictions corresponding to the upstream and
downstream oriﬁce plates were in close agreement, there was no
evidence of entry length effects. The upstream oriﬁce plates were
located at a short distance (approx. 2.5 m) downstream of the well
heads and approx. 1 m upstream of the chokes, while the down-
stream oriﬁce plates were located a short distance (approx.
2.5 m) downstream of the chokes. Entry length effects can be min-
imized by using ﬂow conditioners located upstream of the measur-
ing devices; although in our case the additional pressure drop
introduced by such devices is not important when compared to
the pressure drop introduced by the choke valve, care must be
taken in other situations in which the pressure drop introduced
by the ﬂow conditioners may reduce well production.
To estimate the ﬂow pattern upstream of the experimental
setup, the superﬁcial liquid and gas velocities, respectively jl and
jg , were plotted in a horizontal ﬂow pattern map. The superﬁcial
velocities can be calculated as:
jl ¼
1 xð ÞW
ql A
ð47Þ
jg ¼
xW
qg A
ð48Þ
Although it was not possible to observe the ﬂow pattern in
operational conditions during the experiment, the boundaries
between the different ﬂow regimes were drawn using the software
given in Shoham [23]. Tables 10 and 11 show the average ﬂuid
properties used to draw the ﬂow pattern maps, respectively shown
in Figs. 13 and 14 for the multi-rate test data in each well. For all
the maps, a horizontal tube of diameter D ¼ 0:0584 m and surface
roughness  ¼ 3: 104 m were considered.
Fig. 11. Oil ﬂow rates for well #2, upstream oriﬁce plate, slip model.
Fig. 12. Oil ﬂow rates for well #2, downstream oriﬁce plate, slip model.
Table 9
CV percentage values for the wells, slip model.
Well CV %, upstream CV %, downstream
Oil Gas Water Oil Gas Water
#1 1.48 1.30 1.40 2.60 2.49 2.54
#2 3.12 3.12 3.52 2.22 2.25 2.47
Table 10
Well #1 ﬂuid property average values.
Fluid property Value Unit
Liquid density 824.89 kg/m3
Liquid viscosity 5:23 104 kg/m/s
Surface tension 0.070 N/m
Gas density 98.47 kg/m3
Gas viscosity 1:64 105 kg/m/s
Table 11
Well #2 ﬂuid property average values.
Fluid property Value Unit
Liquid density 732.05 kg/m3
Liquid viscosity 4:74 104 kg/m/s
Surface tension 0.070 N/m
Gas density 120.21 kg/m3
Gas viscosity 1:76 105 kg/m/s
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It can be observed that the predicted ﬂow regime is annular,
with few experimental points in the transition to intermittent in
the oriﬁce plate upstream of well #1. It can be inferred that the
ﬂow regime may be a non-developed annular. The discussion on
the ﬂow regime is relevant, as Chisholm’s slip correlation, which
was not developed for stratiﬁed ﬂows, is used in the model. In case
of having a stratiﬁed ﬂow pattern, Eq. (18) could still be used with
a suitable slip factor correlation.
It should be pointed out that ﬂow pattern maps were
extensively studied for air and water systems. There are very few
experimental data for oil and gas systems and even less for
three-phase oil, water and gas systems. Besides, ﬂow pattern maps
are built for developed conditions. Strictly, each experimental data
point should be plotted in its own ﬂow pattern map corresponding
to the pipeline diameter and liquid and gas thermo-physical prop-
erties evaluated at metering conditions. As a consequence, the
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Fig. 13. Flow pattern map of well #1.
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Fig. 14. Flow pattern map of well #2.
Fig. 15. Chisholm’s over-reading, upstream oriﬁce plate.
Fig. 16. Oil ﬂow rates for well #1, upstream oriﬁce plate, homogeneous model.
Fig. 17. Oil ﬂow rates for well #1, downstream oriﬁce plate, homogeneous model.
Fig. 18. Oil ﬂow rates for well #2, upstream oriﬁce plate, homogeneous model.
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information coming from the analysis above should be taken as a
rough estimate.
Regarding the over-reading considerations made in Section 3.5,
Fig. 15 shows that the Lockhart–Martinelli parameter correspond-
ing to the experimental data ranged from 0.362 to 0.836, beyond
the wet gas region (v < 0:3); as there is an excellent agreement
in the ﬂow rate prediction, the multi-rate tests showed that Chis-
holm’s over-reading (Eq. (33)) can be successfully extrapolated to
these range.
It is worth mentioning that there are other wells operating in
the wet gas region; for these wells, the VMS is working ﬁne in esti-
mating the production.
In order to investigate the inﬂuence of the slip ratio on the ﬂow
rate, Figs. 16–19 show the comparison of the experimental data
with the homogeneous model prediction. Larger values of the CV
are observed (up to 10:5%, see Table 12), as well as systematic
deviations in which the homogeneous model underestimates the
experimental data. This is consistent with the theoretical analysis
made in Section 3.4.
6. Conclusions
The performance of oriﬁce plates in real-time monitoring of oil,
gas and water standard ﬂow rates was investigated using ﬁeld data
corresponding to two wells located at Urucu ﬁeld (Solimões basin,
Amazonas, Brazil), where the ﬂow rate was varied by step changes
in the choke opening.
The determination of the ﬂuid properties at metering conditions
is made by using black-oil correlations. These correlations use a set
of input variables at standard condition that characterizes the ﬂuid
composition such as the gas–oil ratio, the water–oil ratio and the
speciﬁc gravities of each phase. Although the ﬂow meter can be
used in transient measurements, the main limitation with this for-
mulation is that the ﬂuid composition must remain constant dur-
ing the measuring period. As many wells at Urucu ﬁeld
experience gas and water coning, the ﬂow meter can be used in
these cases only after the ﬂow at the reservoir after a choke open-
ing variation stabilizes its composition.
The total mass ﬂow rate and the volumetric ﬂow rates for each
individual stream at standard condition calculated with the VMS
showed an excellent agreement with the experimental data (from
test separator), with a CV ðRMSDÞ below 3:52%; these deviations
are less that the errors encountered in well testing with separators
(between 5% and 10%, according to Falcone et al. [9]). It is impor-
tant to notice that the model does not have any ﬁtting constant
coming from the experimental data set. The correlation of the
experimental data neglecting slip between the gas and liquid
phases showed systematic deviations, increasing the deviation up
to 10:5%; this veriﬁes the theoretical prediction that the experi-
mental data is underestimated by the homogeneous model.
Despite of the experimental data being beyond the wet gas
region, the multi-rate tests showed that Chisholm’s over-reading
can be successfully extrapolated to higher values of the Lock-
hart–Martinelli parameter (v < 0:836).
It is worth mentioning the modular formulation of the model
leading to Eq. (18). In order to calculate the set of variables at
metering conditions, a different slip correlation suitable for other
ﬂow pattern conﬁgurations and/or a different model for the ﬂuid
characterization (for instance, a compositional model) could be
used. To overcome the limitation of constant ﬂuid composition
during the measuring period, the mass quality in Eq. (18) could
be determined on real time from a concentration (void fraction)
meter located upstream of the oriﬁce plate.
A reduction in the uncertainties is expected by utilizing PVT
correlations ﬁtted for the speciﬁc ﬂuids at the ﬁeld, as well as by
using conditioners located upstream of the measuring device, pro-
vided that the additional pressure drop introduced does not sub-
stantially reduce the well production.
It is worth mentioning that the VMS based on the oriﬁce plates
was implemented in all the wells at Urucu ﬁeld for real-time mon-
itoring of well production; for stabilized wells, the metering sys-
tem is an alternative to lower the frequency of well tests needed
to monitor well production (usually once a month), as the set of
variables at the reference conditions (GOR;BSW and densities)
may not vary signiﬁcantly with production rate and during the per-
iod between well tests. For these cases, the oriﬁce plate is used as a
stand alone instrument, fed with the concentration and reference
variables obtained from batch well tests.
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